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METHODS AND SYSTEMS FOR
TRANSMISSION MODE SELECTION IN A

MULTI CHANNEL COMMUNICATION
SYSTEM

TECHNICAL FIELD

The present disclosure relates generally to data communi-
cation, and more particularly, to techniques for selecting a
suitable transmission mode for a data transmission in a multi
channel communication system.

BACKGROUND

A multi-channel communication system utilizes multiple
“transmission” channels for data transmission. These trans-
mission channels may be formed in the time domain, fre-
quency domain, spatial domain, or a combination thereof. For
example, the multiple transmission channels may correspond
to different time slots 1n a time division multiplex (TDM)
communication system, different frequency subbands in an
orthogonal frequency division multiplex (OFDM) communi-
cation system, or different spatial channels in a multiple-input
multiple-output (MIMO) communication system. The TDM,
OFDM and MIMO systems are described in further detail
below.

The multiple transmission channels 1n the multi-channel
communication system may experience different channel
conditions (e.g., different fading, multipath and interference
cifects) and may achieve different signal-to-noise-and-inter-
ference ratios (SNRs). The SNR of a transmission channel
determines 1ts transmission capability, which 1s typically
quantified by a particular transmission rate that may be reli-
ably achieved on the transmission channel. If the SNR varies
from transmission channel to transmission channel, then the
supported transmission rate would also vary from channel to
channel. Moreover, since the channel conditions typically
vary with time, the transmission rates supported by the trans-
mission channels would also vary with time.

A major challenge i a coded communication system 1s
selecting the appropriate transmission mode(s) to use for data
transmission based on the channel conditions. As used herein,
a “transmission mode” may indicate a particular transmission
rate or information bit rate, a particular coding scheme, a
particular modulation scheme, or a combination thereof, to
use for a given data transmission. The goal of the transmission
mode selection should be to maximize throughput on the
multiple transmission channels while meeting certain quality
objectives, which may be quantified by a particular packet
error rate (PER). Each transmission channel may also be
referred to as a spatial channel. Each spatial channel may
carry a data transmission, herein referred to as a spatial stream
or spatial data stream.

One straightforward technique 1s to select a particular
transmission mode for each of the multiple transmission
channels based on 1ts SNR (1.¢., the transmission mode selec-
tion 1s done on a per transmission channel basis to “bit load”
cach transmission channel according to its SNR). The data for
cach transmission channel would then be sent at the transmis-
s1on rate and with the coding and modulation schemes asso-
ciated with the transmission mode selected for that transmis-
sion channel. However, this technique has some major
drawbacks. First, coding individually for each transmission
channel can significantly increase the complexity of the data
processing at both a transmitter and a recerver. Second, cod-
ing individually for each transmission channel may greatly
increase coding and decoding delay. Third, a high feedback

10

15

20

25

30

35

40

45

50

55

60

65

2

rate may be needed to send back information (e.g., the SNR or
transmission mode) for each transmission channel, which 1s

needed by the transmitter to code and modulate data on a
channel-by-channel basis.

Another technique 1s to use a common transmission mode
for all spatial data streams or groups of spatial data streams.
This technique avoids the major drawbacks of the bit-loading
technique. However, 1f a data transmission 1s sent on multiple
transmission channels with varying SNRs, then the SNR
would vary correspondingly across the received data trans-
mission. The challenge 1s then to select the proper transmis-
sion mode to use for the data transmission 1n light of the
varying SNRs, so that the data transmission can be reliably
received. It the transmission rate for the selected transmission
mode 1s too high, then the entire data transmission would be
received 1n error. Conversely, 1f the transmission rate for the
selected transmission mode 1s too low, then the transmission
capacity of the multiple transmission channels 1s under uti-
lized.

There 1s therefore a need 1n the art for techniques to deter-
mine a suitable transmission mode for data transmission on

multiple transmission channels having varying SNRs.

SUMMARY OF THE DISCLOSUR.

(Ll

Certain embodiments of the present disclosure provide
techniques for controlling the data rate for transmissions
between transmitting and receirving terminals. These tech-
niques may include “closed-loop” rate control based on rate
selection mformation fed back from a recerver, “open-loop”
rate control based on whether a packet 1s recerved 1n error, and
combinations thereof.

For certain embodiments, a method for open-loop rate
control for transmissions between a transmitting terminal and
a receiving terminal in a multi-channel wireless communica-
tions system 1s provided. The method generally includes
transmitting one or more data packets using a plurality of
spatial streams at a transmission rate and adjusting the trans-
mission rate for transmitting subsequent packets based on
whether one or more of the transmitted data packets were
received 1n error.

Certain embodiments of the present disclosure provide a
method of selecting transmission modes 1n multi-channel
communications system. The method generally includes cal-
culating a signal to noise ratio (SNR) metric based on SNR
values for a plurality of spatial streams, calculating an effec-
tive SNR metric as a function of, at least, the SNR metric and
one or more back-oll parameters, momtoring packets errors,
adjusting one or more of the back-oil parameters based on the
monitored packet errors, selecting a data rate based on the
elfective SNR metric, and generating rate feedback based on
the selected data rate.

Certain embodiments of the present disclosure provide an
apparatus for open-loop rate control for transmissions
between a transmitting terminal and a receiving terminal 1n a
multi-channel wireless communications system. The appara-
tus generally includes logic for transmitting one or more data
packets using a plurality of spatial streams at a transmission
rate and logic for adjusting the transmission rate for transmit-
ting subsequent packets based on whether one or more of the
transmitted data packets were received in error.

Certain embodiments of the present disclosure provide an
apparatus for selecting transmission modes 1n multi-channel
communications system. The apparatus generally includes
logic for calculating a signal to noise ratio (SNR) metric
based on SNR values for a plurality of spatial streams, logic
for calculating an effective SNR metric as a function of, at
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least, the SNR metric and one or more back-oil parameters,
logic for monitoring packets errors, logic for adjusting one or
more ol the back-oil parameters based on the monitored
packet errors, logic for selecting a data rate based on the
elfective SNR metric, and logic for generating rate feedback
based on the selected data rate.

Certain embodiments of the present disclosure provide an
apparatus for open-loop rate control for transmissions
between a transmitting terminal and a recerving terminal 1n a
multi-channel wireless communications system. The appara-
tus generally includes means for transmitting one or more
data packets using a plurality of spatial streams at a transmis-
sion rate and means for adjusting the transmission rate for
transmitting subsequent packets based on whether one or
more of the transmitted data packets were received 1n error.

Certain embodiments of the present disclosure provide an
apparatus for selecting transmission modes 1n multi-channel
communications system. The apparatus generally includes
means for calculating a signal to noise ratio (SNR) metric
based on SNR values for a plurality of spatial streams, means
for calculating an effective SNR metric as a function of, at
least, the SNR metric and one or more back-oil parameters,
means for monmitoring packets errors, means for adjusting one
or more of the back-oil parameters based on the monitored
packet errors, means for selecting a data rate based on the
elfective SNR metric, and means for generating rate feedback
based on the selected data rate.

Certain embodiments of the present disclosure generally
include a computer-program product for open-loop rate con-
trol for transmissions between a transmitting terminal and a
receiving terminal in a multi-channel wireless communica-
tions system, comprising a computer readable medium hav-
ing mstructions stored thereon, the instructions being execut-
able by one or more processors. The 1nstructions generally
include mstructions for transmitting one or more data packets
using a plurality of spatial streams at a transmission rate and
instructions for adjusting the transmission rate for transmit-
ting subsequent packets based on whether one or more of the
transmitted data packets were received in error.

Certain embodiments of the present disclosure generally
include a computer-program product for selecting transmis-
sion modes 1n multi-channel communications system, com-
prising a computer readable medium having instructions
stored thereon, the instructions being executable by one or
more processors. The mstructions generally include nstruc-
tions for calculating a signal to noise ratio (SNR ) metric based
on SNR values for a plurality of spatial streams, instructions
for calculating an effective SNR metric as a function of, at
least, the SNR metric and one or more back-oil parameters,
instructions for monitoring packets errors, instructions for
adjusting one or more of the back-oil parameters based on the
monitored packet errors, mstructions for selecting a data rate
based on the effective SNR metric, and nstructions for gen-
crating rate feedback based on the selected data rate.

BRIEF DESCRIPTION OF THE DRAWINGS

So that the manner in which the above recited features of
the present disclosure can be understood in detail, a more
particular description of the disclosure, briefly summarized
above, may be had by reference to embodiments, some of
which are illustrated i1n the appended drawings. It is to be
noted, however, that the appended drawings illustrate only
typical embodiments of this disclosure and are therefore not
to be considered limiting of 1ts scope, for the disclosure may
admuit to other equally effective embodiments.
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FIG. 1 1llustrates a transmitter and a receiver 1n a multi-
channel communication system.

FIG. 2 1llustrates a base station and a user terminal 1n a
MIMO-OFDM system.

FIG. 3 illustrates example operations for the selection of a
common transmission mode for a plurality of spatial streams
with outer loop for transmission mode control.

FIG. 3A illustrates example components capable of per-
forming the operations 1llustrated 1n FIG. 3.

FIG. 4 illustrates example operations for computing the
cifective SNR for a plurality of spatial streams.

FIG. 4A illustrates example components capable of per-
forming the operations 1llustrated 1n FIG. 4.

FIG. § illustrates example operations for adjusting back-
ofl factors based on estimated packet error rate at the receiver.

FIG. 5A illustrates example components capable of per-
forming the operations 1llustrated 1n FIG. 5.

FIG. 6 1llustrates example operations for open-loop rate
adjustment.

FIG. 6A illustrates example components capable of per-
forming the operations 1llustrated 1n FIG. 6.

FIGS. 7A and 7B illustrate example 1nitialization opera-
tions for open-loop rate adjustment.

FIG. 8 illustrates example operations for steady state open-
loop rate adjustment.

DETAILED DESCRIPTION

Certain embodiments of the present disclosure provide
techniques for controlling the data rate of transmissions
between a transmitting unit (a transmitter) and a recerving
terminal (a recetver). The techniques presented herein may
include both “closed-loop™ and “open-loop™ control tech-
niques. In general, for closed-loop data rate control, areceiver
may feed back a selected data rate and an associated number
of data streams to a transmitter. On the other hand, for open-
loop rate control, the receiver may not provide rate feedback
to the transmitter, and the transmitter may select a data rate
and associated number of data streams based only on whether
a transmitted packet was recerved 1n error.

For certain embodiments, a system may utilize a combina-
tion of the open-loop and closed-loop rate control techniques
presented herein. For example, a system may initially (or
periodically) utilize closed-loop rate control to select an 1ni-
tial data rate and number of spatial steams and subsequently
utilize open-loop rate control to make adjustments to the
initial selection. Utilizing open-loop rate control, at least
occasionally, may help conserve resources, for example, by
climinating the bandwidth needed to feed back a rate selec-
tion and associated number of data streams.

The word “exemplary” 1s used herein to mean “serving as
an example, mstance, or illustration.” Any embodiment or
design described herein as “exemplary” 1s not necessarily to
be construed as preferred or advantageous over other embodi-
ments or designs.

The transmission mode selection techniques described
herein may be used for various types of multi-channel com-
munication system having multiple transmission channels
that may be used for data transmission. For example, these
techniques may be used for TDM systems, OFDM-based
systems, MIMO systems, MIMO systems that utilize OFDM
(1.e., MIMO-OFDM systems), and so on.

A 'TDM system may transmit data in frames, each of which
may be of a particular time duration. Each frame may include
multiple (N ..) time slots that may be assigned different indi-
ces. N, transmission channels may be formed for the N .
time slots 1n each frame.
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An OFDM system effectively partitions the overall system
bandwidth into multiple (N,) orthogonal subbands, which
may also bereferred to as tones, bins, and frequency channels.
Each subband 1s associated with a respective carrier that may
be modulated with data. N .. transmission channels may be

formed for the N, subbands.

A MIMO system employs multiple (N ) transmit antennas
and multiple (N ) receive antennas for data transmission, and
1s denoted as an (N, N) system. A MIMO channel formed
by the N.- transmit and N, recerve antennas may be decom-
posed into N independent channels, with N.=min {N, N}.
Each of the N independent channels may also be referred to
as a spatial channel of the MIMO channel. Each spatial chan-
nel may carry a data transmission, herein referred to as a
spatial stream. The number of spatial channels 1s determined
by a channel response matrix H that describes the response
between the N - transmit and N, receive antennas. For sim-
plicity, the following description assumes that the channel
response matrix H 1s full rank, 1n which case the number of
used spatial channels is given as N =min {N,, N,}. N trans-
mission channels may be formed for the N spatial channels.

A MIMO-OFDM system has N spatial channels for each
of the N, subbands. A transmission channel may be formed

tor each spatial channel of each subband. NN transmission
channels would then be available for data transmission

between the N - transmit antennas and N, receive antennas.

In general, multiple transmission channels may be formed
in various manners, some examples of which are described
above. Each transmission channel 1s associated with a
received SNR that 1s indicative of the transmission capability
of that channel. The recetved SNR of a given transmission
channel may be estimated by a recerver, for example, based
on a pilot sent on that transmission channel.

FIG. 1 shows a block diagram of a transmitter 110 and a
receiver 150 in a multi-channel communication system 100.
At transmitter 110, traific data 1s provided from a data source
112 to a transmit (1TX) data processor 114, which demulti-
plexes the traific data into N . data streams, where N =1. Each
data stream may be independently processed and transmaitted
on a respective group of transmission channels. Each data
stream may be associated with a particular transmission mode
that indicates a set of parameter values for that data stream.
For example, the transmission mode for each spatial data
stream may 1ndicate (or may be associated with) a particular
transmission rate or mformation bit rate, a particular code
rate, a particular interleaving scheme, a particular modulation
scheme, or any combination thereof, to use for that data
stream. For a given transmission mode, the transmaission rate
may be determined by the coding rate and the modulation
scheme associated with that transmission mode. An exem-
plary set of transmission modes, along with an example sig-
nal-to-noise ratio (SNR) in units of decibels (dB) required for
a 1% packet error rate (PER) and corresponding spectral
ciliciency (illustratively 1n units of bits-per-sec/Hz) as a rep-
resentation of the transmission rate, are given in Table 1. For
cach data stream, the transmission rate 1s determined by a
transmission rate control, the coding rate 1s determined by a
coding control, the interleaving scheme 1s determined by an
interleaving control, and the modulation scheme 1s deter-
mined by a modulation control. These controls are provided
by a controller 130 and are generated based on feedback
information received from receiver 150.
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TABLE 1
Transmussion Spectral Efficiency Code Modulation Required SNR
Mode Index (bps/Hz) Rate Scheme (dB)
0 0.0 — — —
1 0.25 1/4 BPSK -1.8
2 0.5 1/2 BPSK 1.2
3 1.0 1/2 QPSK 4.2
4 1.5 3/4 QPSK 6.8
5 2.0 1/2 16 QAM 10.1
6 2.5 5/8 16 QAM 11.7
7 3.0 3/4 16 QAM 13.2
8 3.5 712 64 QAM 16.2
9 4.0 2/3 64 QAM 17.4
10 4.5 3/4 64 QAM 18.8
11 5.0 5/6 64 QAM 20.0
12 6.0 34 256 QAM 24.2
13 7.0 78 256 QAM 26.3

For each data stream, TX data processor 114 codes, inter-
leaves, and modulates the data 1n accordance with the coding,
interleaving, and modulation schemes selected for that data
stream to provide a corresponding stream of modulation sym-
bols. TX data processor 114 provides N . modulation symbol
streams for the N data streams.

A transmitter umit (TMTR) 116 then recerves and processes
the N. modulation symbol streams 1n a manner specified by
the system. For example, transmitter unit 116 may perform
OFDM processing for an OFDM system, spatial processmg
fora MIMO system, or both spatial and OFDM processing for
a MIMO-OFDM system. A pilot may also be transmitted to
receiver 150 to assist it perform a number of Tunctions such as
channel estimation, acquisition, frequency and timing syn-
chronization, coherent demodulation, and so on. In this case,
transmitter unit 116 may receive and multiplex pilot symbols
with the modulation symbols. Transmitter unit 116 provides a
modulated signal for each antenna used for data transmission.

Each modulated signal 1s then transmitted from a respec-
tive transmit antenna over a wireless communication link to
receiver 150. The communication link distorts the modulated
signals with a particular channel response and further
degrades the modulated signals with (1) additive white Gaus-
sian noise (AWGN) having a variance of N, and (2) possibly
interference from other transmission sources.

At recerver 150, the transmitted signals are received by
cach receive antenna, and the received signal from each
antenna 1s provided to a recerver unit (RCVR) 160. Recerver
unit 160 conditions and digitizes each recerved signal to pro-
vide a corresponding stream of samples. Recerver unit 160
turther processes the samples in a manner that 1s complemen-
tary to that performed by transmitter unit 116 to provide N
streams of “recovered” symbols, which are estimates of the
N. streams of modulation symbols sent by transmitter 110.
The recovered symbol streams are then provided to a recerve
(RX) data processor 162 and processed to obtain decoded
data for the transmitted data streams. The processing by RX
data processor 162 may include demodulation (1.e., symbol
demapping), deinterleaving, and decoding. RX data proces-
sor 162 may further provide the status of each received data
packet.

Receiver unit 160 may also provide “recerved” symbols
(1.e., symbols after OFDM processing but prior to spatial
processing by recerver unit 160) and/or recovered symbols to
a channel estimator 164. Channel estimator 164 may then
process these symbols to obtain an SNR estimate for each
transmission channel used for data transmission. The SNR
estimates are typically obtained based on recerved pilot sym-
bols, but may also be obtained based on received data sym-
bols or a combination of received pilot and data symbols. A
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transmission mode selector 166 recerves the SNR estimates
from channel estimator 164 and determines a suitable number
of spatial streams, N ranging from 0 to min {N, N,}, and a
suitable transmission rate for these N spatial data streams.

A controller 170 receives a transmission mode for the N
spatial data streams from transmission mode selector 166 and
the packet status from RX data processor 162 and assembles
teedback information for transmitter 110. The feedback
information may include the number of utilized spatial data
streams (N.), transmission mode for the N, data streams,
acknowledgments (ACKs) and negative acknowledgments
(NAKSs) for recerved data packets, and/or other information.
The feedback information is then sent to transmitter 110 and
used to adjust the next transmission. For example, transmitter
110 may use the feedback information to adjust the number of
utilized data streams, transmission rate, the coding scheme,
the modulation scheme, or any combination thereof, for each
data stream that will be sent to recerver 150. The feedback
information 1s used to increase the etficiency of the system by
allowing data to be transmitted at the best-known settings
supported by the communication link.

In the embodiment shown 1n FIG. 1, the transmission mode
selection 1s performed by recerver 150 and the selected trans-
mission mode 1s sent back to transmitter 110. In other
embodiments, the transmission mode selection may be per-
formed by (1) the transmitter based on feedback information
provided by the recerver and/or other information obtained by
the transmitter or (2) jointly by both the transmitter and
receiver. In some ways, the transmitter may be active in
transmission mode selection as previously described because
the feedback from the receiver 1s a recommendation. There-
fore, the transmitter may, for example, downgrade the recom-
mendation 1f too much time has passed between the nitial
transmission upon which the recommendation was based and
the next transmission which uses the recommended transmis-
s10n rates.

An AWGN communication link (e.g., an AWGN channel )
1s characterized by a frequency response that 1s tlat across the
transmission channels. For an AWGN channel, the transmis-
s1on channels achieve similar received SNRs. If a data packet
1s transmitted on a group of transmission channels with simi-
lar received SNRs, then the SNR would be approximately
constant across the entire data packet. For “constant SNR”
data packets, the relationship between required SNR and
transmission rate for a particular level of performance 1s well
known 1n the art. The desired level of performance may be
quantified by a particular packet error rate (PER), frame error
rate (FER), block error rate (BLER), bit error rate (BER), or
some other measure. A suitable transmission mode may
readily be selected based on the recerved SNR of the AWGN
transmission channels.

However, as noted above, the multiple transmission chan-
nels may experience different channel conditions and achieve
different received SNRs. If a data packet 1s transmitted on a
group of transmission channels with different received SNRs,
then the SNR would vary correspondingly across the recerved
data packet. This problem of “varying SNR” packet 1s exac-
erbated for a wideband communication system and for a
“multipath” channel with frequency selective fading (1.e., a
response that1s not flat across the transmission channels). The
techniques described herein address a major challenge for a
coded multi-channel communication system, which 1s to
determine the maximum transmission rate that may be used
for each data stream sent on a group of transmission channels
with varying SNRs for a particular desired level of perfor-
mance.
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FIG. 2 shows a block diagram of an embodiment of a base
station 210 and a terminal 250 in a MIMO-OFDM system.
Base station 210 may be used for transmitter 110 and terminal
250 may be used for receiver 150 1n FIG. 1. For simplicity,
FIG. 2 only shows data transmission on the downlink (i.e.,
forward link) from the base station to the terminal.

At base station 210, traific data 1s provided from a data
source 212 to a TX data processor 220. TX data processor 220
demultiplexes the tratfic data into N. data streams, where
N =1, and further formats, codes, interleaves, and modulates
cach data stream to provide a corresponding modulation sym-
bol stream. The transmission rate, coding, iterleaving and
modulation for each data stream may be determined by a
transmission rate control, a coding control, an interleaving
control and a modulation control, respectively, provided by a
controller 240. 'TX data processor 220 provides N . modula-
tion symbol streams to a TX spatial processor 228.

TX spatial processor 228 processes the N modulation
symbol streams 1n accordance with a selected transmission
scheme (e.g., spatial diversity, spatial multiplexing, fre-
quency diversity, or temporal diversity) to provide N.. trans-
mit symbol streams. TX spatial processor 228 may also
receive and multiplex pilot symbols with the transmit sym-
bols. TX spatial processor 228 provides N - transmit symbol
streams to N transmitter units (I1M'TR) 230qa through 230z.

Each transmitter umt 230 performs OFDM processing on
its transmit symbol stream to provide a corresponding OFDM
symbol stream, which 1s further processed to generate a
modulated signal suitable for transmission over the wireless
communication link. The N.. modulated signals from trans-
mitter units 230a through 230¢ are then transmitted via N
antennas 232a through 232¢, respectively.

At terminal 250, the transmitted signals are receirved by
cach of N, antennas 252a through 2527, and the recerved
signal from each antenna 1s provided to an associated receiver
unit (RCVR) 254. Each receiver 254 conditions and digitizes
its recerved signal to provide a stream of samples, which 1s
further processed to provide a corresponding stream of
received symbols. The N, recetved symbol streams from
receiver units 254q through 2354r are then provided to a
receiver processor 260, which includes an RX spatial proces-
sor 262 and an RX data processor 264.

RX spatial processor 262 processes the N, recerved sym-
bol streams 1n accordance with the selected transmission
scheme to provide N recovered symbol streams, which are
estimates of the N modulation symbol streams transmaitted
by base station 210. RX data processor 264 then decodes each
recovered symbol stream to provide a corresponding decoded
data stream, which 1s an estimate of the data stream transmait-
ted by base station 210. The processing by RX spatial pro-
cessor 262 and RX data processor 264 1s complementary to
that performed by TX spatial processor 228 and TX data
processor 220, respectively, at base station 210.

As shown 1n FIG. 2, RX spatial processor 262 may derive
estimates of certain channel characteristics (e.g., the channel
response and noise variance) and provide the channel esti-
mates to a controller 270. RX data processor 264 may also
provide the status of each received data packet. Based on the
various types of information that are recerved from RX spatial
processor 262 and RX data processor 264 in the case of
closed-loop rate control, controller 270 determines a suitable
transmission mode for a plurality of spatial data streams.
Controller 270 also provides feedback information, which
may include a recommendation on the number of utilized
spatial streams, selected transmission mode for all utilized
spatial streams, the channel response estimates, ACKs and/or
NAKSs for the recerve data packets, and so on, or any combi-




US 8,619,620 B2

9

nation thereof. In the case of open-loop rate control, the only
teedback information may be ACKs and/or NAKs indicating
whether packets were successtully recerved. The feedback
information 1s processed by a TX data processor278 and aTX
spatial processor 280, conditioned by transmitter units 2544

through 2547, and transmitted from antennas 232a through
2527 back to base station 210.

At base station 210, the transmitted signals from terminal
250 are recerved by antennas 232a through 232¢, conditioned
by receiver units 230q through 230z, and processed by an RX
spatial processor 234 and an RX data processor 236 to recover
the feedback information sent by terminal 250. The feedback
information 1s then provided to controller 240 and used to
control the processing of the recommended number, N, of
spatial data streams sent to terminal 250. For example, the
transmission rate for a plurality of data streams may be deter-
mined based on the selected transmission mode provided by
terminal 250. The coding and modulation schemes for
selected transmission mode are also determined by controller
240 and indicated by the coding and modulation controls

provided to TX data processor 220 and TX spatial processor
228. The recerved ACK/NAK may be used to initiate either a

tull retransmission or an incremental transmission of each
data packet recerved 1n error by the terminal. The recerved
ACK/NAK may be also used to adjust transmission mode and
number of spatial streams 1n open-loop rate control. For an
incremental transmission, a small portion of a data packet
received 1n error 1s transmitted to allow the terminal to
recover the packet.

Controllers 240 and 270 direct the operation at base station
210 and terminal 250, respectively. Memory units 242 and
272 provide storage for program codes and data used by
controllers 240 and 270, respectively.

The channel response and the noise variance (e.g., based on
the recerved pilot symbols) are estimated at the receiver and
provided to controller 270. Controller 270 implements trans-
mission mode selector 166 1n FIG. 1, performs various func-
tions related to transmission mode selection, and determines
a suitable transmission mode for a plurality of spatial data
streams based on the channel estimates. Memory unit 272
may store a look-up table 274 for supported transmission
modes and their required SNRs. The transmission mode
selector 166 can determine a number of utilized data streams
N and a suitable transmission mode for the N data streams.
Each data stream 1s transmitted on a respective group of
transmission channels.

Closed-Loop Rate Control

FIG. 3 illustrates example operations that may be per-
formed, for example, within transmission mode selector 166
for determining the common transmission mode for different
data streams sent on spatial channels with varying SNRs.
Initially, at 310, SNR estimates for all Ny =min{N,,N,}
spatial streams 1n the system may be computed (e.g., based on
pilot symbols). The SNR estimate for the particular subband
ol a given spatial channel may be obtained as:

|s: (DI (1)

vi(l) = lﬂlﬂgm( v [ e L, (dB)

], for i=1,... , Ngpvs

0

where 1 15 the spatial stream index, index 1 1s the subband
index, s,(1) 1s the complex gain for subband 1 of spatial chan-
nel 1, N, 1s the noise variance for subband 1 of spatial channel
1, and v.(1) 1s the SNR estimate for subband 1 of spatial channel
1. As shown 1n Eq. 1, the SNR estimates for the spatial chan-
nels may be given 1n units of dB. The number of considered
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spatial streams 1in the hypothesis N.may be initialized to one,
at 312, and the number of spatial streams 1n the hypothesis
will be eventually incremented, as 1llustrated 1n FIG. 3.

The advanced recerver algorithms that may be applied at
the receiver typically do not produce an associated direct
observation of post-detection SNR, which 1s typically utilized
for rate selection 1n closed-loop rate control. Therefore, for
certain embodiments, to allow for closed-loop rate control, an
MMSE calculation that may not be otherwise part of the
receiver algorithm can be utilized to provide a channel quality
metric, which, with further static and dynamic adjustments,
can be used to drive rate selection for advanced recerver
algorithms that do not normally produce a suitable SNR met-
ric.

The MMSE calculation that may be implemented at the
receiver may be defined, for example, by the following equa-
tion:

Winngse(O=HOH? (O)+N Iy HA (1), (2)

where H(1) is the channel response matrix for subband 1, H*(1)
1s the conjugate-transpose (Hermitian) version of the channel
matrix H(l), and I 1s the identity matrix.

According to equations (1) and (2) the received SNR for
cach subband of each spatial stream may then be expressed
as:

W ORI &)

0

v; () = l[}lﬂgm[l ],EEL, i=1, ... y Nsiay s (dB)

where w (1) 1s the 1-th column of W, ,, .. -(1) from equation (2),
v.(1) 1s the recerved SNR for subband 1 of spatial data stream
1, and h (1) 1s the 1-th column of the channel response matrix
H(l). Equation (3) represents an exemplary method of com-
puting the recerved SNR 1n a MIMO-OFDM system whereby
a linear MMSE equalization 1s applied as a part of more

advanced detection algorithm. Other methods for computing
the SNR may also be utilized.

At 320, the average SNR may be computed over the num-
ber of utilized spatial streams hypotheses N as follows:

Ng Np

Yavg = NSIJMF Z Z ’y:(f)’ (dB)

i=1 {=1

(4)

where 1 1s an index of the spatial channels used for the trans-
mission ol data streams (spatial stream index), N, is the
number of data subbands, v.(1) 1s the SNR estimate for sub-
band I of spatial channel 1, and y,,, . 1s the average SNR tor the
N subbands and N spatial channels used for the transmis-
sion of data streams.

Also, at 320, the corresponding unbiased standard devia-
tion of the SNR estimates may be computed as follows:

(5)

Ng Np

|
0y = IJ_ v 25

At 330, the effective SNR for N. spatial streams 1n the
hypothesis may then be computed based on the average SNR,
standard deviation of SNR estimates, and back-off factors, as
follows:
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(6)

C
Yeff N¢ = (}’avg _kNS'ﬂ-}f +ﬂN5) Ns +bNSa

where k,; 1s the back-off factor dependent on the number of

considered spatial streams that multiplies the standard devia-
tion; Cy. 1s the tactor dependent on the number of considered
spatial streams that converts the observable SNR to the unob-
servable SNR of the enhanced demodulation technique, such
as sphere decoder; anda,, and b,; are back-1t factors that may
be dependent on some other observation or parameter.

The factors an s Dy C ne and k N ay vary With the n}lmber
of spatial streams N . being considered 1n the hypothesis. The
number of considered spatial streams in the hypothesis may
be incremented from one hypothesis to another. In one
embodiment, the values of the back-oftf factors for use 1n a
MIMO Wireless Local Area Network (WLAN) system with a

maximum of four different spatial data streams may be:

[kal:kNFE:kNFS:ka4J:[1:0'75:0-5:0'25] (7)

[1,26/25,20/19,16/15]. (8)

In another embodiment, the demodulation technique, such as
MMSE or zero-forcing (ZF), has an observable SNR, for
which case C,; may be unity forall Ng=1, ..., min{Ng, N}.

The back-off tactor k,, 1s selected based on various system
specific factors and typically ranges from O to 1 (i1.e.,
12k, =0). The back-ft factor k,;, may be a function of the
minimum free distance, d_ . . of the specific code used by the
system. The general conceptof d_ . 1s well known 1n the art,
and the d_. of any given code 1s either known or may be
ascertained 1n a manner known 1n the art. The back-oil factor
k,, may be smaller for turbo codes and larger for convolu-
tional codes. As will be described 1n greater detail below, for
certain embodiments, on or more of these back-oft factors
may be adjusted using an outer loop at the receiver.

For a given type of code (1.e., convolutional or turbo), the
constraint length K of the code also has an impact on the
back-off factor. A smaller back-off factor may be used for a
larger constraint length, and vice versa. For a given system
design, the back-off factor k,, may be determined based on
simulation (for a large number of realizations), empirical
measurements, and so on.

The system may be designed to support a set of transmis-
sion modes. Each supported transmission mode 1s associated
with a particular mimnimum SNR required to achieve the
desired level of performance, which may be determined as
described 1n greater detail below.

For certain embodiments, a look-up table of supported
transmission rates and their required SNRs may be consulted,
at 340, to obtain a transmission mode. For example, the high-
est rate for which the required SNR (e.g., obtained by per-
forming a table lookup) 1s lower than the effective SNR (e.g.,
calculated by Eq. 6) may be chosen for the N spatial streams
in the hypothesis. The look-up table thus selects the highest
possible transmission rate for a plurality of spatial streams
based on the effective SNR. Once the transmission rates are
obtained forall Ny =min{N,, N,} hypotheses (decision step
342), then the highest transmission rate, as well as the corre-
sponding number of utilized spatial data streams may be
selected among all hypotheses, at 360. At 370, received pack-
ets are monitored for errors. For example, packet error rate
(PER) may be calculated over a certain number of packets. As
will be described 1n greater detail below, the calculated PER
may be used to increase, decrease, or not change the back-oif
factors, at 380, so that a desired PER may be achieved.

|. CNS*:l: CNS=2: CN5=31 CN5'=4J
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For certain embodiments, back-oil factors may be adjusted
in a manner that results 1n an effective SNR associated with an
increased data rate if the packet error rate falls below a first
threshold and/or results 1n an effective SNR associated with a
decreased data rate 1f the packet error rate exceeds a second
threshold. For certain embodiments, the first and second
thresholds may be set and/or monitored over different peri-
ods, for example, to ensure the data rate 1s gradually increased
when a low packet error rate 1s seen for an extended period of
time, but rapidly decreased when a higher packet error rate 1s
detected.

The operations at 320 through 350 may be performed inde-
pendently for each hypothesis, while the number of consid-
ered spatial streams N . may be incremented from one hypoth-
esis to another, at 350. The information about chosen
transmission modes and the number of spatial data streams
may be sent back to the transmitter via the feedback channel.

FIG. 4 shows operation 330 in more details. Operation 410
utilizes the average SNR and standard deviation of SNR
estimates computed at 320 1n FIG. 3 for N, spatial streams 1n
the hypothesis. Values of the back-oil factors that depend on
the number of considered spatial streams, N, 1n the hypoth-
es1s are also available at 420 and may be adjusted 1n the outer
loop or pre-determined 1n advance. At 430, the effective SNR
1s calculated for N spatial streams in the hypothesis accord-
ing to Eq. 6.

While the example embodiment described above with ret-
erence to FIGS. 3 and 4 involves a common transmission
mode used for all streams, the techniques described herein
may be used to select varying transmission mode per stream
(1.. where not all streams must have the same transmission
mode). The techniques may be used to select an independent
transmission mode per stream or varying transmission mode
across streams. In the case of an independent transmission
mode per stream, the transmission mode may be selected
independently for each stream, for example, via a look-up
table per stream or some other suitable technique. In the case
of varying transmission mode across streams, only certain
combinations of transmission modes across streams may be
allowed. In both of these cases, an eflective SNR 1s calculated
for each stream 1n the hypothesis. The techniques described
above, to select rates based on effective SNR values, however,
may be applied for both of these cases.

For independent transmission mode per stream, for
example, once an effective SNR for a given stream 1s calcu-
lated, the highest rate for which the required SNR 1s lower
than the effective SNR may be selected for that stream. In this
case, the effective SNR calculation and table lookup may be
performed for each stream in the hypothesis. For varying
transmission mode per stream, N effective SNRs may be
obtained, but there may only be one table look up, for
example, with the requirement that each stream’s effective
SNR must be greater than the required SNR on each stream.

While selecting an independent transmission mode per
stream or varying transmission mode per stream have been
presented as 1llustrative examples, those skilled 1n the art will
appreciate that the techniques presented herein to select arate
based on effective SNR values may also be applied with
various other rate selection approaches where not all streams
must have the same transmission mode.

Each supported transmission mode may be associated with
a particular spectral efficiency, a particular code rate, a par-
ticular modulation scheme, and the minimum SNR required
to achieve pre-determined PER for a non-fading, AWGN
channel. The spectral efficiency generally refers to the trans-
mission rate (1.e., the information bit rate) normalized by the
system bandwidth, and 1s given 1n units of bits per second per
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Hertz (bps/Hz). The code rate and modulation scheme for
cach transmission mode may be specific to a particular sys-
tem design. For certain embodiments, a transmission mode
may be included corresponding to a null transmaission rate
(1.e., no data transmission). For each transmission mode with
a non-zero transmission rate, the required SNR may be
obtained based on the specific system design (1.e., the par-
ticular code rate, 1nterleaving scheme, modulation scheme,

and so on, used by the system for that transmission mode) and
for an AWGN channel. The required SNR may be obtained by
computation, computer simulation, empirical measurements,
and so on, as 1s known 1n the art.

The effective SNR generally represents an estimate of the
transmission capacity of all utilized spatial channels, which 1s
an accurate estimate for an AWGN channel but potentially not
so accurate of an estimate for a multipath channel. The effec-
tive SNR may be used to select the common transmission
mode for all spatial data streams sent on available spatial
transmission channels. The selected transmission mode rep-
resents a prediction of the transmission rate that can be sup-
ported by the available transmission channels for achieving,
the desired packet error rate (PER). However, as with any
prediction scheme, there may inevitably be prediction errors.

For certain embodiments, in order to ensure that the desired
PER can be achieved, one or more back-ofl factors used for
computation of effective SNR, using Eq. 6 above, may be
modified 1n an “outer loop™ of operations at 380 and applied
again to update the effective SNR as shown in FIG. 3. This
dynamic adjustment of back-off factors may help minimize
prediction errors and, ultimately, help select a more efficient
transmission mode.

The purpose of the outer loop at the receiver may be to
control the maximum packet error rate (PER) 1n situations
when a rate controller selects transmission rate that is either
too low (conservative) or too high (aggressive). FIG. 5 illus-
trates example operations 380 for adjusting the transmission
mode by moditying back-oil factors for a plurality of spatial
data streams based on the PER observed at the recerver.

At 510, the PER may be calculated at the receiver for N
consecutive data packets. If the PER 1s outside the pre-deter-
mined threshold range (T,, T,,), where T, <l ,,, then the con-
troller 270 on FIG. 2 may modify the back-oif factors 1n order
to adjust the transmission mode.

If the PER for N consecutive recerved data packets 1s above
the upper bound T,, at 520, then the controller 270 may
increase the back-off factor k,, by a constant A,, at 530, in
order to reduce the effective SNR and to decrease the trans-
mission rate. For certain embodiments, the back-oft factors
ay, by, and C,, may be also decreased, at 330.

If the PER for N consecutive received data packets 1s below
the lower threshold T,, at 540, then the controller 270 may
decrease the back-oft factor k., by a constant €2, at 550.
Optionally, the back-off factors a,;, by, and C,_ may be
increased, at 550, 1n order to increase the effective SNR and to
increase the transmission rate.

If the PER 1s within the pre-determined threshold range
(T,,T,), then the controller 270 may not modify the back-off
factors 560, and unchanged transmission mode 1s continued
to be utilized.

The next time the rate selection algorithm 1s performed, the
elfective SNR for each spatial stream in each hypothesis may
be computed using the updated values of the back-off factors,
at 330 in FIG. 3. In this manner, a received packet or set of
packets may be used to influence data rate selection for sub-
sequent packet transmaissions. The parameters A, €2, and N
may be constant for all cases, may vary with the number of
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streams 1n the hypothesis, antenna configuration, previously
estimated effective SNR, or based on some other factor(s).

For certain embodiments, the outer loop at the recerver may
also be utilized to intluence the 1nitial rate set by a device. For
example, 1f the rate feedback 1s not updated for a pre-deter-
mined amount of time T, the outer loop may set any combi-
nation of back-oil factors (e.g., to some type of default initial
values) 1n order to obtain a conservative rate selection. This
may correspond to any combination of the following: increas-
ing k. , decreasing a,; , decreasing b, , and decreasing Cy, for
a particular number of considered spatial streams N .. In addi-
tion, the outer loop may control the number of spatial streams
that are considered 1n the transmission rate selection by set-
ting the appropriate parameters accordingly.

The above description has described calculating an effec-
tive SNR based on an average SNR and standard deviation of
multiple spatial streams. However, for certain embodiments,
rather than utilize an average SNR and standard deviation, a
different type of SNR metric may be utilized to determine the
elfective SNR. For example, rather than calculate a true aver-
age SNR value based on SNR values of each spatial stream, a
receiver may exclude the SNR values of certain spatial
streams or weigh the SNR values of certain spatial streams
more heavily when calculating an SNR metric used to deter-
mine an effective SNR. In any case, back-oil parameters may
still be adjusted, as described above, to influence the effective
SNR calculation.

Open-Loop Rate Control

As described above, for certain embodiments, closed-loop
rate control for MIMO systems may be accomplished, in
which the rates are determined at the receiving end of the link
and communicated back to the transmitter. For certain
embodiments, however, open-loop rate control for MIMO
systems may be accomplished, for example, where a recerv-
ing terminal does not provide rate feedback to the transmaitter.

In such an open-loop rate control scheme, only a limited
amount of mmformation may be available at the transmutter,
such as whether a transmitted packet was received in error.
For example, the transmitter may know whether a transmitted
packet (or a transmitted block of packets) was recerved in
error based on a negative acknowledgement (NAK) sent by
the receiver or the absence of a positive acknowledgement
(ACK) sent from the recerver.

Certain embodiments of the present disclosure may allow
for adjustments 1n transmission rate on one or more streams
based on whether packets are received 1n error. These open-
loop rate adjustments may be performed in the systems
described above as an alternative to the closed-loop rate
adjustments described above. For certain embodiments,
closed-loop and open-loop rate adjustments may be com-
bined, for example, with closed-loop rate selection performed
only periodically, and open-loop rate adjustments made to a
rate determined with the closed-loop rate selection. This may
conserve bandwidth resources, for example, by reducing the
frequency of effective SNR feedback.

As described above, for a system with N antennas at an
access point and N, antennas at a user terminal, the maximum
number of spatial streams N . that may be used to transmait data
1s min(N ~, N ) Depending on the particular embodiment, the
same rate may be used for all spatial streams or rates may be
varied per spatial stream (with different rates selected for
different streams). For certain embodiments, rates selected
according to the open-loop technique presented herein may
be restricted to the maximum number of allowed spatial
streams. Furthermore, for certain embodiments, the same
modulation may be used on all spatial streams.
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The open-loop rate adjustment described herein may be
utilized 1 a system, such as that shown in FIG. 1 and
described above. For open-loop rate adjustment, however,
certain components of the recerver 150, such as channel esti-
mator 164 and transmission mode selector 166, may not be
utilized.

FIG. 6 illustrates example operations that may be per-
formed at a transmitter for open-loop rate control. At 610, an
initial rate may be selected. At 620, one or more packets are
transmitted on N. spatial streams. At 630, the transmuitter
monitors for errors 1n receiving the packets. At 640, the data
rate 1s adjusted based on the packet errors. For example, the
data rate may be increased 1f no (or few) packet errors are
detected for some number of packets, decreased 1f some
threshold number of packet errors are detected, or maintained
at a current rate, for example, 11 a packet error rate 1s below a
threshold level. The number of streams, as well as the rate per
stream for certain embodiments that allow independent rate
selection per stream, may also be adjusted.

Certain data rates may be achieved by more than one com-
bination of modulation and coding schemes and number of
active spatial streams. For certain embodiments, which com-
bination 1s selected to achieve a desired data rate may depend
on the recerver technique. For example, a particular recerver
implementation may influence whether the smallest or largest
number of spatial streams should be selected. For example, a
near-ML recerver (a receiver that achieves performance near
that of a maximum-likelihood receiver) may perform best
with a higher number of spatial streams at a given rate. Thus,
il a transmitter has information that a receiver 1s a near-ML
receiver, the combination with the largest number of spatial
streams may be selected 1n most cases (e.g., except when a
single spatial stream achieves the same data rate). In cases
where the transmitting device does not have receiver infor-
mation, the combination with the smallest number of spatial
streams may be selected. Further, for certain embodiments,
different combinations of modulation and coding schemes
may also be used to achieve the same data rate (without
varying the number of spatial streams). Thus, 1n this case, a
decision on which modulation and coding scheme to use may
be based on, for example, which schemes are supported and/
or other factors, such as which schemes are likely to result in
better performance 1n a given situation.

For certain embodiments, an open-loop rate control algo-
rithm may include two stages: mitialization and steady state.
Various techniques may be applied to select an initial rate
during 1mitialization.

As 1llustrated in FIG. 7A, the transmitter may start with an
aggressive rate and decrease the rate until no (or few) packet
errors are detected. For example, the transmitter may select
the highest allowable rate, and associated number of streams,
N, at 702, and transmit one or more packets on N streams at
that rate, at 704. If packet errors are detected, at 706, the rate
may be decreased, at 708. These operations may be repeated,
with the rate i1teratively decreased until no (or an acceptable
number of) packet errors are detected. The current rate at this
point may be used as a steady state rate 710, which may be
adjusted according to a different algorithm.

As 1llustrated 1n FIG. 7B, the transmitter may instead start
with a conservative rate and increase the rate until packet
errors are detected. For example, the transmitter may select
the lowest allowable rate, at 752, and transmit one or more
packets on N spatial streams at that rate, at 754. If no packet
errors (or relatively few packet errors based on a known
criterion) are detected, at 756, the rate may be increased, at
758. These operations may be repeated, with the rate itera-
tively increased until packet errors are detected. Once packet
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errors are detected, the transmitter may optionally decrease
this rate, at 760, and this rate may be used as the steady state
rate 762. For certain embodiments, rather than starting with
the most conservative or most aggressive data rate, a trans-
mitter may start with a data rate somewhere 1n a middle of the
data rate range. This initial “medium” data rate may be
achieved by selecting a suitable combination of modulation
and coding scheme and a number of spatial streams, for
example, in amiddle of the allowable range of spatial streams.

For certain embodiments, 1n the steady state, the rate may
be adjusted 1n a controlled manner 1n an effort to achieve an
optimally high overall data rate while minimizing packet
errors. For example, as 1llustrated 1n FIG. 8, operations 800
may be performed to gradually increase the rate after some
number of consecutive packets are transmitted without error,
but to decrease the rate immediately 1 a packet error 1s
detected.

At 802, a counter used to track successiully recerved pack-
cts 1s reset. At 804, one or more packets are transmitted on N
streams at the current rate. If no packet error 1s detected, at
806, the counter 1s incremented, at 808. If the counter meets
or exceeds a threshold, as determined at 810, indicating a
number of consecutive packets have been recerved success-
tully at that rate, the rate may be increased, at 812. The
counter may again be reset, at 802, and the operations
repeated at the new rate.

On the other hand, 1f packet errors are detected, at 806, the
current rate may be decreased immediately, at 814. For cer-
tain embodiments, a current rate may not be decreased imme-
diately, but rather may only be decreased after a threshold
number of consecutive packets have been transmitted with
errors (or a momtored packet error rate has exceeded some
threshold value). For such embodiments, a counter for pack-
ets recerved 1n error may be maintained and used for com-
parison against a threshold.

Of course, those skilled 1n the art will appreciate that cer-
tain embodiments may utilize vanations of the algorithms
described above. For example, rather than increment or dec-
rement rates by a single step, rates may be adjusted 1n steps of
N, where N may be any integer (e.g., one, two, or three)
depending on the size of the rate table. Further, for certain
embodiments, different step sizes may be used for increases
and decreases. For certain embodiments, imitialization may
begin with some rate other than the lowest or highest available
rate. Further, 1n the imtialization stage, more than one packet
may be transmitted at any given data rate and, rather than
adjust a rate based on a single packet error (or successiully
received packet), a number of errors (or successtully received
packets) may need to be detected before a current rate 1s
adjusted.

For certain embodiments, rather than monitor absolute
packet errors, packet error rates may be monitored and the
steady state transmission rate may be adjusted accordingly.
For example, the steady state rate may be increased i the
packet error rate falls below a first threshold and/or decreased
i the packet error rate exceeds a second threshold. The first
and second thresholds may be set and/or monitored over
different periods to ensure the rate i1s gradually increased
when a low packet error rate 1s seen for an extended period of
time, but rapidly decreased when a higher packet error rate 1s
detected.

The techniques described herein may be used for various
communication systems, including communication systems
that are based on an orthogonal multiplexing scheme.
Examples of such communication systems include Orthogo-
nal Frequency Division Multiple Access (OFDMA) systems,
Single-Carrier Frequency Division Multiple Access (SC-
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FDMA) systems, and so forth. An OFDMA system utilizes
orthogonal frequency division multiplexing (OFDM), which
1s a modulation technique that partitions the overall system
bandwidth 1into multiple orthogonal sub-carriers. These sub-
carriers may also be called tones, bins, etc. With OFDM, each
sub-carrier may be independently modulated with data. An

SC-FDMA system may utilize interleaved FDMA (IFDMA)
to transmit on sub-carriers that are distributed across the
system bandwidth, localized FDMA (LFDMA) to transmit

on a block of adjacent sub-carriers, or enhanced FDMA
(EFDMA) to transmit on multiple blocks of adjacent sub-
carriers. In general, modulation symbols are sent in the fre-

quency domain with OFDM and 1n the time domain with
SC-FDMA.

The various operations of methods described above may be
performed by various hardware and/or software component
(s) and/or module(s) corresponding to means-plus-function
blocks 1llustrated in the Figures. Generally, where there are
methods i1llustrated in Figures having corresponding counter-
part means-plus-tunction Figures, the operation blocks cor-
respond to means-plus-function blocks with similar number-
ing. For example, blocks 310-370 illustrated in FIG. 3
correspond to means-plus-function blocks 310A-370A 1llus-
trated 1n FIG. 3A. Similarly, blocks 410-430 1llustrated in
FIG. 4 correspond to means-plus-function blocks 410A-430
Aillustrated in FI1G. 4 A. Similarly, blocks 510-560 illustrated
in FIG. 5 correspond to means-plus-function blocks 510A-
560A 1llustrated in FIG. SA. Similarly, blocks 610-640 11lus-
trated 1mn FIG. 6 correspond to means-plus-function blocks
610A-640A 1llustrated 1n FIG. 6A.

The techniques described herein may be implemented by
various means. For example, these technmiques may be imple-
mented 1n hardware, software, or a combination thereof. For
a hardware implementation, the units used for transmission
mode selection may be implemented within one or more
application specific integrated circuits (ASICs), digital signal
processors (DSPs), digital signal processing devices
(DSPDs), programmable logic devices (PLDs), field pro-
grammable gate arrays (FPGAs), processors, controllers,
micro-controllers, microprocessors, other electronic units
designed to perform the functions described herein, or a com-
bination thereof.

For a software implementation, the transmission mode
selection may be implemented with modules (e.g., proce-
dures, functions, and so on) that perform the functions
described herein. The software codes may be stored in a
memory unit (e.g., memory unit 242 or 272 1n FIG. 2) and
executed by a processor (e.g., controller 240 or 270). The
memory unit may be implemented within the processor or
external to the processor, 1n which case it can be communi-
catively coupled to the processor via various means as 1S
known 1n the art.

It 1s to be understood that the claims are not limited to the
precise configuration and components illustrated above. Vari-
ous modifications, changes and variations may be made 1n the
arrangement, operation and details of the methods and appa-
ratus described above without departing from the scope of the
claims.

What 1s claimed 1s:

1. A method for open-loop rate control for transmissions
between a transmitting terminal and a recerving terminal 1n a
multi-channel wireless communications system, comprising;:

transmitting one or more data packets using a plurality of

spatial streams at a transmission rate, wherein the num-
ber of the plurality of spatial streams used 1s based on
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whether the transmitting terminal has information of a
receiver’s performance capability for detecting data
packets; and

adjusting the transmission rate for transmitting subsequent

packets based on whether one or more of the transmitted
data packets were received 1n error.

2. The method of claim 1, wherein adjusting the transmis-
sion rate for transmitting subsequent packets based on
whether one or more of the transmitted data packets were
received 1n error comprises:

increasing the transmission rate for transmitting subse-

quent packets if a plurality of consecutive packets 1s
successiully received.

3. The method of claim 1, wherein adjusting the transmis-
sion rate for transmitting subsequent packets based on
whether one or more of the transmitted data packets were
received 1n error comprises:

decreasing the transmission rate for transmitting subse-

quent packets if one or more packets are not successiully
recerved.

4. The method of claim 1, further comprising:

monitoring a packet error rate for packets transmitted at a

given transmission rate; and

wherein adjusting the transmission rate for transmitting

subsequent packets based on whether one or more of the
transmitted data packets were recetved 1n error coms-
prises increasing the transmission rate 1f the packet error
rate falls below a first threshold and decreasing the trans-
mission rate 1f the packet error rate exceeds a second
threshold.

5. The method of claim 4, wherein the first and second
thresholds are different values.

6. The method of claim 1, wherein adjusting the transmis-
sion rate for transmitting subsequent packets based on
whether one or more of the transmitted data packets were
received 1n error comprises:

selecting a combination of modulation and coding schemes

and number of spatial streams from a plurality of com-
binations of modulation and coding schemes and num-
bers of spatial streams that achieve the same transmis-
s10n rate.

7. The method of claim 1, wherein adjusting the transmis-
sion rate for transmitting subsequent packets based on
whether one or more of the transmitted data packets were
received 1n error comprises:

selecting a combination of modulation and coding schemes

and number of spatial streams that achieves a next avail-
able higher transmission rate or a next available lower
transmission rate relative to a current transmission rate.

8. The method of claim 1, wherein adjusting the transmis-
sion rate for transmitting subsequent packets based on
whether one or more of the transmitted data packets were
received 1n error comprises:

adjusting the transmission rate according to a first algo-

rithm during an initialization stage; and

adjusting the transmission rate according to a second algo-

rithm during a steady state.

9. The method of claim 8, wherein:

the mitialization stage begins by selecting a highest allow-

able transmission rate; and

the transmission rate 1s 1teratively reduced until no or few

packet errors are detected.

10. The method of claim 8, wherein:

the initialization stage begins by selecting a lowest allow-

able transmission rate; and

the transmission rate is iteratively increased until packet

errors are detected.
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11. The method of claim 1, further comprising:

determining an 1nitial transmission rate based on a selected
rate fed back from the recerving terminal;

transmitting one or more data packets using the determined
initial transmission rate; and

adjusting the determined 1nitial transmaission rate for trans-
mitting subsequent packets based on whether one or
more of the transmitted data packets was received 1n
SITor.

12. An apparatus for open-loop rate control for transmis-
s10ns between a transmitting terminal and a recerving termi-
nal mm a multi-channel wireless communications system,
comprising;

a transmitter configured to transmit one or more data pack-
¢ts using a plurality of spatial streams at a transmission
rate, wherein the number of the plurality of spatial
streams used 1s based on whether the transmitting ter-
minal has information of a recerver’s performance capa-
bility for detecting data packets; and

a circuit configured to adjust the transmission rate for
transmitting subsequent packets based on whether one
or more of the transmitted data packets were recerved 1n
SITor.

13. The apparatus of claim 12, wherein the circuit config-
ured to adjust the transmission rate for transmitting subse-
quent packets based on whether one or more of the transmiut-
ted data packets were received 1n error 1s also configured to:

increase the transmission rate for transmitting subsequent
packets 1f a plurality of consecutive packets 1s success-
fully recerved.

14. The apparatus of claim 12, wherein the circuit config-
ured to adjust the transmission rate for transmitting subse-
quent packets based on whether one or more of the transmiut-
ted data packets were received 1n error 1s also configured to:

decrease the transmission rate for transmitting subsequent
packets 1 one or more packets are not successtully
received.

15. The apparatus of claim 12, further comprising:

a circuit configured to monitor a packet error rate for pack-
ets transmitted at a given transmission rate; and

wherein the circuit configured to adjust the transmission
rate for transmitting subsequent packets based on
whether one or more of the transmitted data packets
were recerved 1n error 1s also configured to increase the
transmission rate 1f the packet error rate falls below a
first threshold and decrease the transmission rate it the
packet error rate exceeds a second threshold.

16. The apparatus of claim 15, wherein the first and second

thresholds are different values.

17. The apparatus of claim 12, wherein the circuit config-
ured to adjust the transmission rate for transmitting subse-
quent packets based on whether one or more of the transmiut-
ted data packets were received 1n error 1s also configured to:

select a combination of modulation and coding schemes
and number of spatial streams from a plurality of com-
binations of modulation and coding schemes and num-
bers of spatial streams that achieve the same transmis-
s1on rate.

18. The apparatus of claim 12, wherein the circuit config-
ured to adjust the transmission rate for transmitting subse-
quent packets based on whether one or more of the transmiut-
ted data packets were received 1n error 1s also configured to:

select a combination of modulation and coding schemes
and number of spatial streams that achieves a next avail-
able higher transmission rate or a next available lower
transmission rate relative to a current transmission rate.
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19. The apparatus of claim 12, wherein the circuit config-
ured to adjust the transmission rate for transmitting subse-
quent packets based on whether one or more of the transmiut-
ted data packets were received 1n error 1s also configured to:

adjust the transmission rate according to a first algorithm

during an 1nitialization stage; and

adjust the transmission rate according to a second algo-

rithm during a steady state.

20. apparatus of claim 19, wherein: the initialization stage
begins by selecting a highest allowable transmission rate; and
the transmission rate 1s iteratively reduced until no or few
packet errors are detected.

21. The apparatus of claim 19, wherein: the mitialization
stage begins by selecting a lowest allowable transmission
rate; and the transmission rate 1s iteratively increased until
packet errors are detected.

22. The apparatus of claim 12, further comprising:

another circuit configured to determine an 1mitial transmis-

sion rate based on a selected rate fed back from the
receiving terminal, wherein;

the transmitter 1s also configured to transmit one or more

data packets using the determined initial transmission
rate, and

the circuit 1s also configured to adjust the determined 1nitial

transmission rate for transmitting subsequent packets
based on whether one or more of the transmitted data
packets was recetved 1n error.

23. An apparatus for open-loop rate control for transmis-
s10ns between a transmitting terminal and a recerving termi-
nal i a multi-channel wireless communications system,
comprising;

means for transmitting one or more data packets using a

plurality of spatial streams at a transmission rate,
wherein the number of the plurality of spatial streams
used 1s based on whether the transmitting terminal has
information of a recewver’s performance capability for
detecting data packets; and

means for adjusting the transmission rate for transmitting

subsequent packets based on whether one or more of the
transmitted data packets were received 1n error.

24. The apparatus of claim 23, wherein the means for
adjusting the transmission rate for transmitting subsequent
packets based on whether one or more of the transmitted data
packets were received 1n error 1s configured to:

increase the transmission rate for transmitting subsequent

packets 1f a plurality of consecutive packets 1s success-
tully recerved.

25. The apparatus of claim 23, wherein the means for
adjusting the transmission rate for transmitting subsequent
packets based on whether one or more of the transmitted data
packets were received in error 1s configured to:

decrease the transmission rate for transmitting subsequent

packets 1f one or more packets are not successiully
received.

26. The apparatus of claim 23, further comprising:

means for monitoring a packet error rate for packets trans-

mitted at a given transmission rate; and

wherein the means for adjusting the transmission rate for

transmitting subsequent packets based on whether one
or more of the transmitted data packets were recerved 1n
error 1s configured to increase the transmission rate 1f the
packet error rate falls below a first threshold and
decrease the transmission rate if the packet error rate
exceeds a second threshold.

277. The apparatus of claim 26, wherein the first and second
thresholds are different values.
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28. The apparatus of claim 23, wherein the means for
adjusting the transmission rate for transmitting subsequent
packets based on whether one or more of the transmitted data
packets were recerved 1n error 1s configured to:

select a combination of modulation and coding schemes

and number of spatial streams from a plurality of com-
binations of modulation and coding schemes and num-
bers of spatial streams that achieve the same transmis-
s101 rate.

29. The apparatus of claim 23, wherein the means for
adjusting the transmission rate for transmitting subsequent
packets based on whether one or more of the transmitted data

packets were received 1n error 1s configured to:
select a combination of modulation and coding schemes
and number of spatial streams that achieves a next avail-
able higher transmission rate or a next available lower
transmission rate relative to a current transmission rate.

30. The apparatus of claim 23, wherein the means for
adjusting the transmission rate for transmitting subsequent
packets based on whether one or more of the transmitted data
packets were received in error 1s configured to:

adjust the transmission rate according to a first algorithm

during an mnitialization stage; and

adjust the transmission rate according to a second algo-

rithm during a steady state.

31. The apparatus of claim 30, wherein:

the mitialization stage begins by selecting a highest allow-

able transmission rate; and

the transmission rate 1s iteratively reduced until no or few

packet errors are detected.

32. The apparatus of claim 30, wherein:

the 1nitialization stage begins by selecting a lowest allow-

able transmission rate; and

the transmission rate 1s iteratively increased until packet

errors are detected.

33. The apparatus of claim 23, further comprising:

means for determining an initial transmaission rate based on

a selected rate fed back from the receiving terminal;
means for transmitting one or more data packets using the
determined 1nitial transmission rate; and

means for adjusting the determined i1mitial transmission

rate for transmitting subsequent packets based on
whether one or more of the transmaitted data packets was
received 1n error.

34. A computer-program product for open-loop rate con-
trol for transmissions between a transmitting terminal and a
receiving terminal in a multi-channel wireless communica-
tions system, comprising a non-transitory computer-readable
medium having mstructions stored thereon, the nstructions
being executable by one or more processors and the mnstruc-
tions comprising:

instructions for transmitting one or more data packets

using a plurality of spatial streams at a transmission rate,
wherein the number of the plurality of spatial streams
used 1s based on whether the transmitting terminal has
information of a receiver’s performance capability for
detecting data packets; and

instructions for adjusting the transmission rate for trans-

mitting subsequent packets based on whether one or
more of the transmitted data packets were received in
CITOY.

35. The computer-program product of claim 34, wherein
the 1nstructions for adjusting the transmission rate for trans-
mitting subsequent packets based on whether one or more of
the transmitted data packets were recetved in error further
comprise:
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instructions for increasing the transmission rate for trans-
mitting subsequent packets 1 a plurality of consecutive
packets 1s successiully received.

36. The computer-program product of claim 34, wherein
the 1nstructions for adjusting the transmission rate for trans-
mitting subsequent packets based on whether one or more of
the transmitted data packets were recerved in error further
comprise:

instructions for decreasing the transmission rate for trans-

mitting subsequent packets if one or more packets are
not successiully recerved.

37. The computer-program product of claim 34, wherein

the mnstructions further comprise:

instructions for monitoring a packet error rate for packets

transmitted at a given transmission rate; and

wherein the instructions for adjusting the transmission rate

for transmitting subsequent packets based on whether
one or more of the transmitted data packets were
received 1n error further comprise instructions for
increasing the transmission rate 1f the packet error rate
falls below a first threshold and instructions for decreas-
ing the transmission rate 1f the packet error rate exceeds
a second threshold.

38. The computer-program product of claim 37, wherein
the first and second thresholds are different values.

39. The computer-program product of claim 34, wherein
the 1nstructions for adjusting the transmission rate for trans-
mitting subsequent packets based on whether one or more of
the transmitted data packets were recerved in error further
comprise:

instructions for selecting a combination of modulation and

coding schemes and number of spatial streams from a
plurality of combinations of modulation and coding
schemes and numbers of spatial streams that achieve the
same transmission rate.

40. The computer-program product of claim 34, wherein
the 1nstructions for adjusting the transmission rate for trans-
mitting subsequent packets based on whether one or more of
the transmitted data packets were recerved in error further
comprise:

instructions for selecting a combination of modulation and

coding schemes and number of spatial streams that
achieves a next available higher transmission rate or a
next available lower transmission rate relative to a cur-
rent transmission rate.

41. The computer-program product of claim 34, wherein
the 1nstructions for adjusting the transmission rate for trans-
mitting subsequent packets based on whether one or more of
the transmitted data packets were recerved in error further
comprise:

instructions for adjusting the transmission rate according,

to a first algorithm during an mitialization stage; and
instructions for adjusting the transmission rate accord-
ing to a second algorithm during a steady state.

42. The computer-program product of claim 41, wherein:

the 1nitialization stage begins by selecting a highest allow-

able transmission rate; and

the transmission rate 1s 1teratively reduced until no or few

packet errors are detected.

43. The computer-program product of claim 41, wherein:

the mitialization stage begins by selecting a lowest allow-

able transmission rate; and

the transmission rate is iteratively increased until packet

errors are detected.

44. The computer-program product of claim 34, wherein
the mnstructions further comprise:
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instructions for determining an initial transmission rate
based on a selected rate fed back from the receiving
terminal;

instructions for transmitting one or more data packets
using the determined 1mitial transmaission rate; and

instructions for adjusting the determined 1nitial transmis-
s1on rate for transmitting subsequent packets based on
whether one or more of the transmaitted data packets was
received 1n error.
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